Introduction
Mesoporous silica nanoparticles (MSNPs) are nanomaterials widely used as drug-delivery systems for biomedical applications, including diagnosis and tissue regeneration, due to their high hydrophilicity, large surface area, versatile chemistry, and good optical properties. [1] [2] [3] MSNPs have been included by the Organisation for Economic Co-operation and Development (OECD) in the list of engineered nanomaterials relevant to environmental safety and human health.
However, concerns have been raised regarding potential human hazards of these NPs on a variety of cells and organs. Toxicity evaluation is imperative before allowing
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After intranasal instillation, MSNPs may interact with the vascular endothelium, and even in the absence of any specific functionalization, may reach the brain after crossing the blood-brain barrier, accumulating in neurons. 4 The presence of MSNPs in specific tissues may not necessarily account for a consequent toxic effect. However, many cases of NP-related neurotoxicity have been reported, and neurological effects have been found in mice exposed to SiO 2 . 5 In vitro and in vivo studies on MSNPs have revealed that their toxic behavior varies with their size, shape, surface charge, type of coating material, and reactivity. [6] [7] [8] For these reasons, careful toxicity testing is necessary before any NPs, MSNPs included, are declared to be safe for broad use.
To the best of our knowledge, few data are available in the literature about the underlying toxic-effect mechanisms of MSNPs on peripheral and brain vasculature 6, [9] [10] [11] [12] or on neurons. 13 No data are available on the potential effect of MSNPs on neuronal activity. To clarify these issues, this study aimed to investigate how the cellular biological response to MSNP exposure is affected by NP size, dose, and time of exposure. Cultured human umbilical vein endothelial cells (HUVECs) and immortalized human brain capillary ECs (HCMEC/D3 cell line) have been used as models of peripheral and central vasculature, respectively. The SKNSH human neuroblastoma cell line has been used as a model of cells with neuronal phenotypes, as evidenced by the high dopamine-β-hydroxylase activity, an enzyme found exclusively in nervous tissues.
14 Alterations in cellular morphology, cell viability, nitric oxide (NO) production, autophagy, apoptosis, and neuronal activity have been investigated after cellular exposure to MSNPs. An additional issue, the so-called protein corona, generated by adsorption of proteins into the NP surface, must also be considered, because it may affect their toxicity profile.
Materials and methods synthesis and characterization of MsNPs
Materials for the synthesis of the SNPs were purchased from the following sources: tetraethyl orthosilicate, 3-(aminopropyl)-triethoxysilane (APTES), hexadecyl trimethyl ammonium bromide (CTAB), fluorescein 5(6)-isothiocyanate, isopropyl alcohol (IPA), ethanol, HCl, 2-mercaptoethanol, and N-(3-diethylaminopropyl)-N′-ethylcarbodiimide hydrochloride from Sigma-Aldrich (St Louis, MO, USA); and 2-ethylsulfonic acid, NaCl, NH 4 F, and N-hydroxysulfosuccinimide from Thermo Fisher Scientific (Waltham, MA, USA).
A modified Stöber reaction was used to synthesize MSNPs. 15 In detail, 150 mg ammonium fluoride and 134 mg CTAB were dissolved in 45 mL water (80°C for 1 hour). Tetraethyl orthosilicate (1 mL) was then added dropwise to the solution, and the reaction proceeded for 2 hours at 80°C. After two ethanol washes, MSNPs were left overnight in a 2% HCl-in-ethanol solution to remove surfactants. The NPs were washed with 50% ethanol and stored in IPA. MSNPs were modified with APTES in a solution of 2% APTES and 5% Millipore water by volume in IPA at a concentration of 1 mg NPs/mL APTES solution.
Dynamic light scattering (DLS) and ζ-potential characterization were performed using a Zetasizer Zen 3600 (Malvern Instruments, Malvern, UK). For DLS, scattered light detection was measured at 90° to the incident beam (a 25 mW laser at 660 nm wavelength). For ζ-potential analysis, the same parameters were used, but scattered light was detected at 150°.
The morphology of the MSNPs was observed by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). SEM images were acquired under high vacuum, at 20 kV, spot size 3-5, using an FEI Quanta 400 FEG ESEM equipped with an Everhart-Thornley secondary electron detector. Samples were prepared by introducing one drop (about 2 µL) of aqueous suspension (0.1 mg/mL) of the particles on an SEM stub (Ted Pella Inc, Redding, CA, USA) and allowing the solvent to dry in air. Samples were sputter-coated with a 10 nm layer of gold using a Plasma Sciences CrC-150 sputtering system (Torr International Inc, New Windsor, NY, USA) before analysis. For TEM analysis, samples were prepared by drying NPs onto 300-mesh carbon-coated copper grids. Samples were then sent to the University of Texas in Austin for imaging by Dr Tony Hu.
cell cultures
HUVECs (commercially purchased from Lonza, Walkersville, MD) and HCMEC/D3 cells (provided by Institut National de la Santé et del la Recherche Médicale [INSERM] , Paris, France) were grown as previously described. 16, 17 SKNSH human neuroblastoma cells (commercially purchased from American Type Culture Collection, Manassas, VA, USA) were maintained in Dulbecco's Modified Eagle's Medium supplemented with 10% heat-inactivated fetal bovine serum, penicillin (100 U/mL), streptomycin (100 µg/mL), and l-glutamine (2 mM) in a 5% CO 2 humidified incubator at 37°C. The cells were differentiated with 10 µM retinoic acid for 5 days. 
Treatment of cells with MsNPs
The MSNP solution of 0.1 mg/mL in isopropanol, which sterilized the NPs, was probe-sonicated (Vibra-Cell™ ultrasonic liquid processor; Sonics and Materials Inc, Newtown, CT, USA) for 10 minutes at 70% power, then centrifuged at 14,000× g for 5 minutes. The supernatant was removed and replaced with cell media. The MSNPs were probe-sonicated again for 10 minutes at 50% power and used to treat the cells. HUVECs at 80%-90% confluence or HCMEC/D3 cells were treated for 2 and 24 hours with different MSNP doses: 0.05-1 mg/mL. After treatment, mitochondrial activity, membrane integrity, and endothelial functionality were investigated. SKNSH cells were treated only at the NP concentrations with the least toxicity on HUVECs (,0.25 mg/mL) for 2 and 24 hours. After treatment, mitochondrial activity and membrane integrity were tested.
assessment of mitochondrial enzymatic activity by MTT assay
After cell treatment with MSNPs, 0.5 µg/mL of MTT solution was added to the cells for 2 hours. After incubation, ethanol was added to each well to dissolve the formed formazan crystals, and absorbance at 550 nm was measured with a microplate reader (Victor 3 1420 multilabel counter; PerkinElmer, Waltham, MA, USA). Untreated cells were used as a negative control. Particles alone were used to check possible interference with the photometric method. Each sample was analyzed at least in triplicate. 16, 19 assessment of membrane integrity by lactate dehydrogenase (lDh) leakage After cell treatment with MSNPs, the release of the cytoplasmic enzyme LDH into the surrounding medium was analyzed using the cytotoxicity-detection kit according to the manufacturer's instructions (Hoffman-La Roche Ltd, Basel, Switzerland). Optical density was measured with a microplate reader (Victor 3 ) at 490 nm. The relative amount of released LDH was normalized to the total amount of LDH of control cells (untreated cells), which were completely lysed with lysis buffer provided in the kit. Particles alone were used to check possible interference with the photometric method. Each sample was analyzed at least in triplicate. assessment of endothelial functionality by NO production NO production was measured in conditioned media of cells using the Griess method. 16, 20 The absorbance of each sample was measured at 540 nm using a microplate reader (Victor Particles alone were used to check possible interference with the photometric method.
evaluation of cellular autophagy and apoptosis by sodium dodecyl sulfate polyacrylamide-gel electrophoresis (sDs-Page)/Western blotting (WB)
Expression level of LC3 II, a common indicator of autophagy, and activation of caspase 3, an indicator of apoptosis, were investigated by SDS-PAGE, followed by immunoblotting analysis. 21 Briefly, total cellular lysates were obtained and the cells resuspended in lysis buffer (containing a 2% SDS, 50 mM Tris-HCl, pH 6.8, 1 mM complete protease-inhibitor cocktail; Hoffman-La Roche) and phosphatase inhibitors (2 mM Na orthovanadate, 1 mM Na fluoride, 1 mM Na pyrophosphate). An aliquot of the total cellular lysates was analyzed for protein content by bicinchoninic acid assay (Sigma-Aldrich). After being boiled for 5 minutes at 100°C, an aliquot of each sample containing 15 µg total proteins was subjected to SDS-PAGE using precast NuPAGE 4%-12% gel (Thermo Fisher Scientific). Protein bands were transferred to a nitrocellulose membrane by WB and analyzed by immunoblotting. To detect β-actin and caspase 3, the membrane was blocked for 30 minutes at 37°C in Tris-buffered saline containing 0.1% Tween and 5% nonfat milk and incubated overnight at 4°C with anti-β-actin (1:1,500; Sigma-Aldrich) or anti-caspase 3 (1:1,000; Cell Signaling Technology, Beverly, MA, USA). For LC3 II, the membrane was blocked for 30 minutes at 37°C in Tris-buffered saline containing 0.1% Tween and 5% bovine serum albumin and incubated overnight at 4°C with anti-LC3 antibody (1:1,000; Cell Signaling Technology). Immunoreactive proteins were revealed by enhanced chemiluminescence after incubation for 2 hours at room temperature with horseradish peroxidase-conjugated secondary antibodies (Thermo Fisher Scientific). The intensity of chemiluminescent spots was semiquantitatively estimated with an ImageQuant LAS4000 (GE Healthcare, Little Chalfont, UK) and expressed as the ratio between the intensity of the spot of interest and the intensity of β-actin bands for cell lysates. 
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Orlando et al incubation, a gentle wash of the cells with 0.1% trypsin for 3 minutes was done to remove the particles adherent to the cells. 17 After this, cells were detached from the plate with trypsin for 15 minutes. Cell pellets were suspended in 1 mL phosphate-buffered saline and digested by adding 4 mL of aqua regia (HNO 3 65% and HCl 37%; Sigma-Aldrich). After 72 hours, the digested samples were diluted with 10 mL distilled water. The amount of silica internalized by the cells was determined by using ICP-OES (Optima 7000 DV; PerkinElmer). A certified standard reference material of Si 1,000 mg/L (PerkinElmer Pure) was used for calibration and quality control. The operating parameters of ICP-OES used an emission line at 251.611 nm in axial view, and sample solutions were measured in triplicate. The limit detection of the instrument is 0.01 mg/L. evaluation of neuronal activity by multielectrode-array (Mea) technology CD1 neonatal mice were purchased from Envigo (Huntingdon, UK). Experiments were carried out according to the Principles of Laboratory Animal Care (directive 86/609/ EEC), endorsed by the ethical committee of the University of Milano-Bicocca. All efforts were made to minimize the number of animals used. Primary cultures of cortical neurons were prepared as previously described. 22, 23 Briefly, all of the cerebral cortex (excluding the hippocampus) was removed from decapitated postnatal mice (P1-P3), cut into 1×1×1 mm pieces, and digested by trypsin (0.15%) and DNase (10 µg/mL) at 37°C for 20 minutes. After enzyme digestion, cells were mechanically dissociated by means of trituration and plated at densities of ~900×10 3 cells/mL on MEA petri dishes precoated with polyethyleneimine 0.1% (wt/vol) and laminin 20 µg/mL (30 µm diameter indium tin oxide electrodes spaced 200 µm apart; MultiChannel Systems, Reutlingen, Germany). Each dish had a recording area of ~2×2 mm, where on average ~7,000 cells were present. After 3 hours of incubation, the plating medium was replaced by neurobasal medium supplemented with B27 (Thermo Fisher Scientific), glutamine 1 mM, and basic fibroblast growth factor 10 ng/mL, and the culture was maintained at 37°C in 5% CO 2 . Half of the medium volume was refreshed every 3 days, and the day before experiments. The cultures in MEA dishes were covered with gas-permeable covers (MEA-MEM; ALA Scientific Instruments, Farmingdale, NY, USA) throughout the culture period (~22 days in vitro).
Mea electrophysiology
Primary cultures of ex vivo cortical neuronal networks showed spontaneous electrophysiological activity without receiving external stimulation. Such in vitro activity can be recorded by MEA technology in a noninvasive way, with good temporal and spatial resolution, as described previously. 22, 24, 25 Briefly, raw analogue signals were sampled at 40 kHz using MEA-1060-INV preamplifiers (bandwidth 0.1-8 kHz; MultiChannel Systems) and an MEA Workstation (bandwidth 0.1-8 kHz; Plexon, Dallas, TX, USA). Offline Sorter software (Plexon) was used to clean data appropriately from artifacts and assign spikes into multiunit (1-4) electrodes by using principal-component analysis-based software. During this process, we applied the following procedures: 1) removal of spike using the Mahalanobis threshold (range 1.8-1.4), with P-value of multivariate analysis of variance (ANOVA) sorting quality statistics ,0.01 among the identified units; and 2) when the previous procedure led to excessive spike invalidation, we manually removed the spikes invading the adjacent-unit ellipsoids (the latter method was very effective in decreasing P-values, with only a limited number of erased spikes). On the basis of an unsupervised learning approach consisting of data-reducing principal-component analysis based on the Fano factor (FF) as a feature and followed by k-means clustering, 25, 26 we statistically identified two neuronal clusters: inhibitory (i, black) and excitatory (e, red) neurons. Cluster processing was enriched by means of an outlier-removal procedure that discarded the units whose Mahalanobis distances from the centroid of the cluster were greater than the fixed threshold at 1.4 . To analyze the burst structure, we applied a running window of variable duration (10 milliseconds to 1 second), 27 in order to detect burst duration (BD). Moreover, we identified the number of spikes engaged in each burst (SN), the spike rate (SR), and the interburst interval (IBI). For all of the experiments, we noticed that the two neuronal clusters obeyed the following rules in control conditions: BD e , BD i , SN e , SN i , SR e , SR i , FF e , FF i , and IBI e # IBI i . For each parameter, data were computed in half-hour time segments and identified as time points in the experiment's plots corresponding to the control and treatment time course. 22, 24, 25, 28 analysis of MsNP protein coronas by sDs-Page MSNPs (0.25 mg/mL) of each size were incubated under constant movement with 1 mL of completed cell-culture medium with 5% or 10% of serum at 37°C for 24 hours. After incubation, samples were centrifuged at 1,000× g for 20 minutes at room temperature to remove unbound proteins from NP surfaces. Pellets obtained were washed three times with 1 mL of phosphate-buffered saline and centrifuged as described earlier. After the last step of 
by SDS-PAGE on a 12% bis-Tris-glycine gel (Thermo Fisher Scientific), followed by EZ blue staining. As controls, an aliquot of medium without MSNPs before and after centrifugation were used. The intensity of protein bands was determined by ImageJ software.
statistical analysis
All experiments were carried out at least in triplicate. Statistical analyses were performed using OriginPro 8 (OriginLab, Northampton, MA, USA). Data were compared using Student's unpaired t-test and expressed as mean ± standard error of mean. Data from MEA electrophysiology were analyzed using OriginPro 7.0 software (OriginLab); the results are expressed as mean ± standard error of mean values, with n indicating the number of experiments performed. Statistical significance was evaluated using ANOVA followed by Bonferroni test, with P,0.05. Figure 2C ), whereas treatment with 30 nm MSNPs resulted in a slight decrease in mitochondrial activity only after 24 hours of treatment ( Figure 2D ). Mitochondrial function of SKNSH cells was not affected by MSNP treatment (Figure 2E and F) .
Results
characterization of NPs
effect of MsNP treatment on membrane integrity
Cells were treated with 30 or 250 nm MSNPs at different doses, and membrane integrity was assessed by measuring LDH release. The results showed that the treatment of HUVECs with 250 nm MSNPs resulted in a strong increase in LDH release after 24 hours of incubation with all NP doses tested ( Figure 3A) . MSNPs of 30 nm induced a slight increase in LDH release by HUVECs only at the highest NP dose tested after 24 hours of incubation ( Figure 3B ). In contrast to HUVECs, the membrane integrity of HCMEC/D3 and SKNSH cells was not significantly affected by MSNP treatments (Figure 3C-F) .
effect of MsNP treatment on endothelial functionality
Cells were treated with 30 or 250 nm MSNPs at different doses, and endothelial functionality was assessed by Figure 4A ). On the contrary, treatment with 30 nm MSNPs at a concentration of 1 mg/mL induced a marginal increase of NO production after 2 hours of incubation ( Figure 4B ). This can hardly be regarded as a toxic effect, since it occurred at very high particle exposure and no dose response was apparent. 
effect of MsNP treatment on cellular autophagy and apoptosis
evaluation of MsNP cellular uptake
The quantity of MSNPs internalized by HUVECs was measured by ICP-OES after 2 hours of treatment with 0.25 mg/mL NPs, the concentration previously shown to have low toxicity 
evaluation of neuronal electrophysiology after NP exposure
To study the effect of MSNPs on the neuronal network, reverberating spontaneous burst activity was analyzed. Figure 6 shows the effect of 10 µg/mL 30 nm MSNPs. To investigate any type of putative delayed effects, NPs were applied after a control period and the total experiment duration was ~24 hours. The BD, SN, IBI, and SR data of putative inhibitory (black) and excitatory (red) neurons (30 and 98, respectively) were plotted as a time course, and the arrows indicated the moment of NP application; each point represented a time segment of 30 minutes of mean data. After 2.5 hours in the control sample, we observed that BD and SN remained constant. Only after ~10 hours did we notice a slow moderate increase to a plateau during the following 7 hours. On the contrary, the time between bursts measured by the IBI plot decreased from ~20 seconds to ~10 seconds, as shown in the IBI plot.
As the SR incorporates both the BD and IBI information, we plotted SR as a network-excitability parameter to analyze the global effect of NPs better. The time course of the firing property was similar in both neuron types, revealing an immediate and constant increase in SR. In Figure 7A , we show the average of three similar experiments where we normalized (in control) the SR time courses of excitatory and inhibitory clusters. Although the results showed an increase in excitability following MSNP treatment, no significant differences were detected between different time points. We also tested 10 µg/mL of 250 nm MSNPs, and no significant variation was observed ( Figure 7B ) in the network's excitability parameter SR during any of the experiments (BD, SN, and IBI results not shown). Though not statistically significant, it seems that the presence of the 30 nm MSNPs perturbed network activity with an effect characterized by a long delay. Moreover, a small but transient jump was observed at the moment of MSNP application.
analysis of MsNP protein coronas by sDs-Page
The composition of protein coronas formed on the MSNP surfaces after incubation in culture medium was analyzed by SDS-PAGE. A representative gel of the MSNP protein coronas is shown in Figure 8 . The results showed that the composition of protein coronas changed both qualitatively and quantitatively, depending on the percentage of serum in the culture medium. Moreover, the composition of coronas was also determined by MSNP size. interaction with the brain, the most delicate tissue in the human body. 29, 30 Studies in rodents have shown that MSNPs (,500 nm in size) are able to cross the blood-brain barrier 31 from the periphery, even in the absence of specific surface functionalization for brain targeting. We used an in vitro multiparametric approach to investigate relationships among the size, dose, and exposure time of MSNPs and cellular responses, trying to elucidate the mechanisms of NP-cell interaction. The results showed that at short exposure times (2 hours incubation), the toxic effect exerted by 30 nm MSNPs on ECs was higher compared to that induced by 250 nm MSNPs. On the contrary, after 24 hours of exposure, 250 nm MSNPs exerted higher toxicity on ECs in terms of mitochondrial activity and membrane integrity than smaller ones at the same dose. Although the size-dependent toxicity of MSNPs is still controversial, our results are in agreement with those already reported, where particles in the 20 nm range were more toxic than MSNPs .100 nm in diameter after an incubation time of .24 hours. 32 Few data are available about the relationship between time of exposure and toxicity for MSNPs. However, the difference in size may affect the rate of entry of MSNPs into cells, potentially affecting cytotoxicity.
Analyzing biochemical pathways activated by cells in response to MSNP exposure, we found that 250 nm MSNPs induced more cell autophagy than 30 nm MSNPs, probably consequent to important cellular NP uptake. These results are in agreement with those reported where cellular uptake and induction of autophagy via the PI3K-Akt-mTOR signaling pathway occurred after HUVEC treatment with nano-SiO 2 for 24 hours. 11, 12 ECs do not express typical apoptosis markers, but we can speculate that cells try to activate cell-survival mechanisms, allowing the survival of HUVECs, as suggested for different types of cells after SiO 2 exposure. 33 Interestingly, our results have revealed that autophagy of mitochondria (mitophagy) can be induced by MSNPs as a cellular response for recycling the damaged organelles through molecular mediation associated with change in mitochondrial enzyme activity. 34 Although there was low uptake of 30 nm MSNPs, NO production increased, suggesting that NPs could affect endothelial functionality from outside the cells.
The overall results support the idea that size-dependent cellular uptake of MSNPs is a key factor in inducing the cytotoxicity response. Exposure time is crucial in determining the biological cellular response to MSNPs, because it affects cellular uptake. The influence of NP size on their cellular uptake has been widely studied, in particular for gold NPs, but this is an issue that should be investigated further. No toxicity was found after incubation of MSNPs with SKNSH cells as a cellular model of neurons. The MSNP doses tested were lower than those used with ECs, because the quantity of MSNPs that are able to reach the brain after peripheral administration is far below the doses tested here. 31 To the best of our knowledge, we have shown for the first time that the presence of 30 nm MSNPs perturbed neuronal network activity, with an effect characterized by a long delay. Moreover, a small but transient jump was observed at the moment of NP application, which could be explained by a mechanical interaction between NPs and cells. It is possible that the delayed SR growth that occurred after 10 hours could be correlated with NP neuronal internalization, supported by the observation that no effect was observed with the 250 nm MSNPs. It seems reasonable to predict that internalization is easier for smaller-diameter NPs in neuronal cells. Since the effect of 30 nm MSNPs was highly variable and the neuronal networks were heterogeneous cultures, we cannot exclude the possibility that internalization is easier for specific cellular subtypes. The cellular responses to MSNPs vary between cell lines and depend on the physicochemical features of NPs. The reason for the variability in the biological responses of different cell lines is a very complex issue. 35 Finally, since it is known that the protein corona can affect NP behavior, including toxicity profile, we analyzed protein coronas of MSNPs after incubation in culture medium with serum. The results showed that the protein-corona composition changed with varying MSNP size. Moreover, the protein-corona electrophoresis profile of MSNPs was different after incubation with culture medium containing different amounts of serum. This suggests that both the size of the NPs and the experimental conditions defined the composition of protein coronas, which in turn could affect the toxicity profile and uptake of NPs.
In fact, we supposed that the different autophagic response activation observed at the higher concentration of MSNP of 30 nm size compared to larger ones may depend on a different protein corona, which could in turn affect cellular uptake. 36 This would also explain the increased vitality observed in HUVECs treated with MSNPs of 30 nm size. With in vitro experiments especially, it would be appropriate to consider the growth conditions of different cellular models. This issue deserves further investigation.
Taken together, these results suggest that 30 nm MSNPs at doses ,0.25 mg/mL could be utilized in vivo for biomedical purposes. It is noteworthy that the results derived from in vitro nanotoxicology studies are affected by the aggregation state of particles in culture media, the state in which the NPs are presented to the cells. 
Conclusion
In conclusion, the results indicate size-dependent cell toxicity exerted by MSNP-induced cell autophagy (in particular, mitophagy) probably consequent to an important MSNP cellular uptake. Increasing the size of particles led to decreased MSNP uptake and increased NO production, suggesting that MSNPs can affect the endothelial functionality from outside the cells. The interaction and internalization of MSNPs by the cells could be influenced by the protein-corona composition of particles, which is affected by NP size and experimental conditions (serum composition of culture media). Moreover, the cellular response to MSNPs was strongly dependent on the cell line used, with doses of MSNPs up to 0.25 mg/mL perturbing the network activity by increasing excitability, as detected by MEA technology, without affecting neuronal cell viability. This suggests that the potential adverse effects resulting in cell exposure to NPs could occur at different levels of risk.
This study provides in vitro evidence that the use of MSNPs for biomedical purposes might be considered low-risk if they are present at doses ,0.25 mg/mL with a diameter ,30 nm. The study of the mechanisms activated by the interaction between MSNP and body cells, neurons included, and careful dose-dependent toxicity testing are imperative for the rational design of NPs and treatment schedules before using MSNPs in patients.
